Increases in cerebral blood flow produced by vasoactive agents will increase blood oxygen level-dependent (BOLD) MRI signal intensity. The effects of such vasodilation on activation-related signal changes are incompletely characterized. The two signal changes may be simply additive or there may be more a complex interaction. To investigate this, BOLD MRI was performed in four normal male subjects using T2*-weighted echo planar imaging; brain volumes were acquired every 6.2 s, using a Siemens VISION scanner operating at 2 Tesla; each volume consisted of 64 sequential transverse slices (64 ؋ 64 pixels per slice, 3 ؋ 3 ؋ 3 mm). Sixteen periods of visual stimulation were produced using a flickering checkerboard (8 Hz, 31 s On/31 s Off); this was coupled with five periods of hypercapnia (4% inspired CO 2 , 62 s On/124 s Off). Data were analyzed using SPM96. Mean signal intensity, calculated globally for the whole brain, closely mirrored changes in the partial pressure of end-tidal CO 2 (PCO 2 ), and hypercapnia was associated with widespread significant signal increases (P < 0.001), predominantly within grey matter. As expected, the visual stimulation produced significant signal changes within the occipital cortex (P < 0.001). Within the occipital cortex, no significant interactions (P > 0.001) between the effects of the visual stimulation and PCO 2 were present. The increases in PCO 2 imposed dynamically in the present study would increase cerebral blood flow by between 25 and 40%, an increase within the physiological range and comparable to that induced by neural activation. With this flow change the effects of vasodilation, on an activation-related signal change, are simply additive.
INTRODUCTION
Regional cerebral blood flow (rCBF) is sensitive to changes in local metabolic demand and hence to changes in regional neural activity. This relationship is the basis for the many observations made in functional neuroimaging studies using either positron emission tomography (PET; Cherry et al., 1996) or magnetic resonance imaging (MRI; Cohen, 1996) . In addition to local factors related to metabolism, cerebral blood flow will also be sensitive to factors acting globally such as perfusion pressure and the partial pressures of CO 2 and O 2 in the cerebral circulation and tissues. Such changes in global cerebral blood flow (gCBF) may modulate the haemodynamic response to neural activation and are potentially confounding for neuroimaging studies assessing changes in rCBF (or in the case of blood oxygen level-dependent (BOLD) MRI, regional oxygenation). To account for the confounding effect of changes in global signal intensity (of which gCBF is only one component), two main analytical approaches have been developed. Proportional scaling (Fox et al., 1988) assumes that the amplitude of the regional signal will be directly proportional to the amplitude of the global signal (i.e., regional signal increases as global signal increases). An alternative model (Friston et al., 1990) assumes that the global and local signal changes are independent and additive.
The relationship between global and local perfusion changes (blood flow or oxygenation), and therefore the physiological basis for these analytical models is incompletely characterized. Using PET, Ramsay et al. (1993) determined how changes in gCBF (produced by manipulating arterial PCO 2 ) affected changes in rCBF (produced by visual stimulation). They concluded that the changes in rCBF were independent of gCBF, their findings supporting the use of an additive ANCOVA based correction for gCBF (Friston et al., 1990) in PET neuroimaging analysis. Similarly activation-related rCBF changes, determined using flow-sensitive alternating inversion recovery (FAIR) MRI, are independent of gCBF increases induced by breath holding (Li et al., 1999 (Li et al., , 2000 . For BOLD, changes in gCBF and rCBF are indirectly related to changes in cerebrovascular oxygenation, the BOLD-related signal being a small component of the measured T2* signal. The physiological basis for any analytical model is therefore less certain. Recent observations by Hoge et al. (1999) suggested local visual activation-related signal changes were independent of CO 2 -induced BOLD signal effects. In contrast, two further BOLD studies, which induced global cerebral vasodilation with acetazolamide (Bruhn et al., 1994) and with hypercapnia (Bandettini et al., 1997) reported attenuation of visual activationrelated signal changes during the induced vasodilation.
The present study investigates these issues further by determining the modulation by hypercapnia of a BOLD signal change induced by visual stimulation.
MATERIAL AND METHODS
Subjects. Four healthy right-handed male subjects were studied (age 24 -39 years). All subjects gave informed consent and were studied with local ethics approval (Joint Ethical Committees of The Institute of Neurology & The National Hospital for Neurology and Neurosurgery).
Protocol. For each subject, T2*-weighted BOLD images of the whole brain were acquired during 16 periods of visual stimulation (8 Hz reversing checkerboard with central fixation point, 31 s) alternated with 16 periods of baseline stimulation (grey screen with central fixation point, 31 s). During this same period, subjects were exposed to 5 periods of hypercapnia (4% inspired CO 2 , 62 s duration) separated by periods of air breathing (124 s).
Imaging. All brain images were obtained using a Siemens VISION MRI scanner operating at 2 Tesla with a gradient booster system and a head volume radiofrequency coil. Each subject lay supine in the scanner. Head movements were minimised with foam padding. After an initial positioning image had been performed, a T1-weighted "structural" MRI of the subject's brain was obtained. Subsequently, a sequence of 165 functional images of the entire brain was acquired using T2*-weighted echo planar imaging. These images were acquired every 6.2 s; each consisted of 64 sequential transverse planes (gradient echo time: TE 40 ms) with an isotropic voxel resolution of 3 mm and a matrix size of 64 ϫ 64 pixels.
Respiratory apparatus and monitoring. Breathing was monitored using a bellows pneumograph. The pneumograph was constructed using corrugated rubber tubes placed around the chest and abdomen; these tubes were connected to a differential pressure transducer (MP45, Validyne) located outside the scanner room. Breath-by-breath measurements of breath duration and of relative changes in tidal volume were derived from the pneumograph signal; from these an index of ventilation (volume/min) could be derived.
A loose fitting mask was attached over the nose and mouth; through this a flow of air was maintained at approx. 40 liters/min; the fraction of inspired CO 2 was then controlled by entraining CO 2 into this circuit. The partial pressure of end-tidal CO 2 (PETCO 2 ) was determined from gas continuously sampled via a nasal cannula and analysed using a quadrupole mass spectrometer (MGA 900, Case Medical). To ensure reliable measurements of PETCO 2 , subjects were instructed to breathe through the nose.
Data analysis. fMRI data were analyzed using SPM96 software (Wellcome Department of Cognitive Neurology, Institute of Neurology, London; http:// www.fil.ion.ucl.ac.uk/spm) according to the following procedure. To account for T1-related relaxation effects, the first five brain images of each sequence (i.e., the first 31 s) were discarded from the analysis. Images were then realigned to the first of the remaining images, normalized into standard stereotactic space (Friston et al., 1995) , resampled at a resolution of 2 ϫ 2 ϫ 2 mm and spatially filtered (filter size, full width half maximum: 4.5 ϫ 4.5 ϫ 4.5 mm). Statistical analyses were then performed using the principles of the General Linear Model (Friston et al., 1995) extended to allow the analysis of fMRI data as a time series (Friston et al., 1994) . Using multiple linear regression, a model was constructed to determine the main effects related to the visual stimulus (represented by a binary "box car" function) and to hypercapnia. To account for hemodynamic delays in vascular response to CO 2 and for any temporal differences in the response, the effect was modelled using the PETCO 2 lagged by three sample periods (18.6 s). To account for potential region to region differences in the hemodynamic delay, a term representing the mathematical first order derivative of the lagged response was also specified. To determine the presence of any interaction between the cerebrovascular response to neural activation and CO 2 induced changes in global cerebral blood flow, a term representing the interaction of these two factors (CO 2 ϫ visual stimulus) was included within the model. To remove any low frequency temporal drift that might be present in the signal, terms representing a high-pass filter with a cut-off of 0.17 cycles/min were also included (Holmes et al., 1997) .
Statistical significance (P Ͻ 0.001, not corrected for multiple comparisons) was determined by generating statistical parametric maps of the f statistic (SPM { f}) for each of the main effects (Visual stimulus, CO 2 ) and for their interaction.
RESULTS
When breathing air, PETCO 2 was 39.0 Ϯ 0.5 mmHg (mean Ϯ SEM). The step increase in inspired CO 2 was associated with a gradual increase in PETCO 2 , which reached a maximum (47.0 Ϯ 0.8 mmHg) at the end of each 1-min period. On removal of the inspired CO 2 , PETCO 2 returned to control levels within approximately 1 min. The maximum level of ventilation during hypercapnia was approximately double that during the control (204 Ϯ 15%); this was due to an increase in tidal volume (191 Ϯ 6%), respiratory rate remaining unchanged (106 Ϯ 8%). These changes in breathing pattern are illustrated for one individual in Fig. 1 . Subjects did not report any specific awareness of the periods of CO 2 stimulation.
Mean signal intensity, calculated globally for the whole brain, closely mirrored changes in PETCO 2 (Fig.  2) , and hypercapnia was associated with widespread significant signal increases (P Ͻ 0.001, F ϭ 4.7-530: group) principally within grey matter.
As expected, visual stimulation produced robust and significant signal changes within the occipital cortex (P Ͻ 0.001, F ϭ 4.7-96: group); this is illustrated for one individual in Fig. 3a . Within this region of interest, significant interactions (P Ͻ 0.001) between the effects of the visual stimulation and end-tidal PCO 2 were absent in three subjects (Fig. 3c: one individual) ; a few isolated voxels reached significance in the fourth subject. The time courses of the signal changes associated with the visual stimulus and with CO 2 show the lack of interaction between these two effects, the observed signal changes being modelled by a linear combination of these factors (Fig. 4) .
DISCUSSION
The principal observation of the present study is that the local increase in activation related BOLD signal due to a visual stimulus is not modulated by a global increase in BOLD signal produced by hypercapnia-
FIG. 1.
Respiratory changes associated with hypercapnia. The changes in end-tidal CO 2 and in ventilation (breathing movement, inspiration up), associated with the step changes in inspired CO 2 , are illustrated for one individual. The timing of these changes, in relation to the timing of presentation of the visual stimulus (VS), is illustrated by the event lines.
FIG. 2.
Changes in the partial pressure of end-tidal CO 2 (PETCO 2 ) and BOLD global signal intensity associated with the periods of air breathing and hypercapnia in one individual. There is a strong association between the two signals; the global signal intensity lagging the changes in PETCO 2 by approximately 18.6 s (or approx. 3 scan durations).
FIG. 3. SPM (f)
projections of the statistically significant (P Ͻ 0.001) changes associated with each main effect in one individual. The projections, onto a "glass brain" in standardized stereotactic space, illustrate the significance of the signal changes in the occipital cortex associated with the visual stimulation (a) and the significance of the signal changes throughout the brain associated with hypercapnia (b) . No significant interactions between these two effects were seen in the occipital cortex (c).
induced cerebral vasodilation, the magnitude of the two signal changes being independent and additive.
The cerebrovascular reactivity to CO 2 has been well characterized using a variety of methods, including nitrous oxide inhalation (Kety et al., 1948) , 133 Xe washout (Olesen et al., 1971) , H 2 15 O positron emission tomography (Ramsay et al., 1993) , and transcranial Doppler ultrasound (Hauge et al., 1980; Poulin et al., 1996) . Typically, in the steady state, cerebral blood flow increases by 4 -6% per mmHg rise in the partial pressure of arterial CO 2 (PaCO 2 ) (e.g., Ramsay et al., 1993; Poulin et al., 1996) . We would therefore expect that the increase in PaCO 2 of 8 mmHg induced in the present study would, in the steady state, produce an increase in gCBF of about 30 -50%. However, the vascular response to hypercapnia is not instantaneous. The time course of the response to a step increase in CO 2 has been best estimated in awake humans by measuring flow in the mid-cerebral artery with Doppler ultrasound (Poulin et al., 1996) , the time constant of the response being approximately 45 s with a delay of 6 s. From this, we estimate that the maximal change in gCBF produced by CO 2 , over the time course used in the present study, would be approximately 25-40%.
This stimulus produced a change in the BOLD signal intensity of about 2% and was comparable in magnitude to that induced in the occipital cortex by the visual stimulation.
We modeled the effects of the visual stimulus and of the CO 2 as linear components together with a component representing an interaction between these two terms. With this approach, parameter estimates are optimised on a voxel by voxel basis throughout the brain. If the global and regional signal changes are additive (c.f. Friston et al., 1990 ) the data will be fitted by only the CO 2 and visual terms (the main effects) in our model. If there is a proportional relationship between the global and regional signal changes (c.f. Fox et al., 1988) then the data will be fitted by these same terms together with a significant positive fit of the interaction term. If the BOLD response to the visual stimulus were attenuated by global vasodilation (c.f. Bruhn et al., 1994; Bandettini et al., 1997) , this would be represented by a significant negative fit of the interaction term. The statistical threshold used (P Ͻ 0.001) was uncorrected for multiple comparisons and is therefore not stringent; we would expect to detect even weak interactions at such a level. We are therefore confident that no substantial interaction, either positive or negative, is present between these main effects within the occipital cortex.
The present conclusions are in agreement with earlier observations by Hoge (1999) , who reported that global and local BOLD signal changes (produced using hypercapnia and visual stimulation) were independent and additive. The present study has extended these qualitative observations in a restricted brain segment by determining changes in global signal change across the entire brain and formally testing the independence of these effects with a robust statistical model. Other studies have assessed local and global blood flow changes with PET (Ramsay et al., 1993) and flowsensitive MRI (Li et al., 1999 (Li et al., , 2000 and have drawn similar conclusions. However some investigations using BOLD have reported that vasodilations induced by either hypercapnia (Bandettini et al., 1997) or acetazolomide (Bruhn et al., 1994) attenuate the vascular response to visual stimulation. It seems most likely that the different conclusion of these latter studies may reflect differences in the magnitude of the vascular changes induced in each study. If the induced global vasodilation is sufficient to limit the cerebrovascular reserve then further activation related vasodilation, and BOLD signal change, may be limited. For any given tissue region this will depend on the local cerebrovascular reactivity to CO 2 or acetazolamide, the "reactivity" in response to neural activation, baseline flow, and the cerebrovascular reserve.
Approaches used to correct for global effects in BOLD MRI must differ from those used for flow-related data (i.e., PET and FAIR). Due to the large intrinsic
FIG. 4.
Signal changes associated with visual stimulation and hypercapnia in a region of interest within the occipital cortex of one individual (F Ͼ 10, 5732 voxels). The signal in this region ("unadjusted signal") is significantly modulated by both the visual stimulus and by changes in end tidal PCO 2 . The "adjusted signal" shows the data with the effects of end-tidal PCO 2 and slow temporal variations (periods greater than 360 s) removed using multiple linear regression. No CO 2 related modulation is apparent in the adjusted signal, indicating that there is no interaction of the effects due to CO 2 with those due to the visual stimulus. T2* signal, relative to the BOLD component, both ANCOVA-based correction (Friston et al., 1990) and proportional scaling (Fox et al., 1988) will model, in a quantitatively similar manner, an additive relationship between activation-related local BOLD changes and global BOLD changes. Neither ANCOVA nor proportional scaling alone would appropriately model situations in which there was a proportional increase in activation-related BOLD with an increase in global blood flow. Similarly, neither will account for a decreased local BOLD signal with increasing gCBF (c.f. Bruhn et al., 1994; Bandettini et al., 1997) . In these situations when an interaction is present, but unmodeled, activation-related signal changes would be weakly modeled and, as a result, might be undetected. Our present approach, modeling the local and global effects using an ANCOVA-based approach, and additionally including a term representing the interaction between the local and global main effects, will, however, successfully model each of these potential situations. We propose this as a suitable analytical approach in circumstances where local and global signal effects are not known to be additive.
